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Edited by Peter BrzezinskiAbstract The F1F0 ATP synthase has been puriﬁed from the
hyperthermophilic eubacterium Aquifex aeolicus and character-
ized. Its subunits have been identiﬁed by MALDI-mass spectro-
metry through peptide mass ﬁngerprinting and MS/MS. It
contains the canonical subunits a, b, c, d and e of F1 and subunits
a and c of F0. Two versions of the b subunit were found, which
show a low sequence homology to each other. Most likely they
form a heterodimer. An electron microscopic single particle anal-
ysis revealed clear structural details, including two stalks con-
necting F1 and F0. In several orientations the central stalk
appears to be tilted and/or kinked. It is unclear whether there
is a direct connection between the peripheral stalk and the d sub-
unit.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Aquifex aeolicus1. Introduction
The F1F0 ATP synthase is a multisubunit membrane protein
complex catalyzing the synthesis of ATP from ADP and inor-
ganic phosphate. The driving force for this reaction is an elec-
trochemical proton gradient generated by the complexes of the
respiratory chain or of the photosynthetic electron transport
chain [1–3]. The F1F0 ATP synthase is found in the mitochon-
drial inner membrane and in the inner membrane of bacteria,
whereas the homologous CF1F0-ATP synthase is localized in
the thylakoid membranes of chloroplasts. A comparatively
simple and well characterized enzyme of this family is the
one from Escherichia (E.) coli. Functionally and structurally
it can be divided into two parts, which can be isolated as sep-*Corresponding author. Fax: +49 69 6303 1002.
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doi:10.1016/j.febslet.2006.09.062arate entities: the membrane intrinsic F0 and the peripheral F1.
The subunit composition of this enzyme is a3b3cdeab2c10-14
with a3b3cde constituting F1, and ab2c10-14 forming F0 [4].
The F1 and F0 parts are connected by a central stalk, com-
posed of the c and e subunits, and a peripheral stalk, made
of the d and b subunits [5,6]. The ATP synthase is considered
to work as a rotary motor with the central stalk and a ring of
the membrane intrinsic c-subunits as a rotor [2,7]. Proton ﬂow
through F0 drives rotation of the cec10-14 subcomplex relative
to the a3b3 subunits leading to the synthesis of ATP from ADP
and inorganic phosphate. Since the high resolution structure of
the mitochondrial F1 ATPase was reported [8] one of the main
areas of interest has been the second stalk linking the F1 and
F0 domains [9]. It is believed to function as a stator preventing
the a3b3 subunits from rotating together with c and e. Studies
on the F1F0 ATP synthase from E. coli have revealed the pres-
ence of two copies of subunit b forming the second stalk
[10,11]. The roles and properties of subunit b within the
F1F0 ATP synthase have been investigated [12–16]. Subunit
b may serve as an elastic element and store energy during rota-
tional catalysis, but also more active roles in coupling have
been suggested [2,9,17,18]. Recently, a low-resolution structure
of the bovine F1F0 ATP synthase has been obtained by
cryoelectron microscopy and single particle analysis, and the
atomic model of a F1–c10 subcomplex [19] has been ﬁtted
into the low-resolution electron density map [20]. A low-reso-
lution three-dimensional map of the CF1F0–ATP synthase has
also been published [21]. However, for the full understanding
of the role of the subunits and the coupling of proton ﬂow
to subunit rotation a high-resolution structure of the entire
F1F0 ATP synthase is still required.
Usually multienzyme complexes obtained from hypertherm-
ophilic organisms are considered to be much more stable than
the corresponding ones from mesophilic organisms [22,23].
Such an inherent stability should be of advantage when trying
to crystallize all kind of proteins isolated from these types of
hyperthermophiles. Aquifex (A.) aeolicus is such a hyperthermo-
philic eubacterium. Its genome has been sequenced [24]. We
have previously used this organism to purify a highly stable
and active NADH ubiquinone oxidoreductase – (complex I
of the respiratory chain) [25]. In this paper, we describe the
puriﬁcation and an electron microscopic structural analysis
of the A. aeolicus F1F0 ATP synthase. All its subunits have
been identiﬁed by mass spectrometry. Most interestingly, two
forms of the b subunit, b1 and b2, were found. They possessblished by Elsevier B.V. All rights reserved.
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has retained a signiﬁcant identity to the E. coli F1F0 ATP
synthase b-subunit. Electron microscopy of negatively stained
single particles and image analysis was used to examine the
structure of the F1F0 ATP synthase with particular emphasis
on the peripheral stalk.2. Materials and methods
2.1. Puriﬁcation of F1F0 ATP synthase
Membranes from A. aeolicus cells were prepared and solubilized as
described previously [25]. The supernatant was loaded onto a Mono
Q HR 10/10 column (Pharmacia Biotech), which had been pre-equili-
brated with 5 column volumes of 20 mM Tris–HCI buﬀer, pH 7.4,
0.05% sodium azide and 0.05% dodecyl-b-D-maltoside. The bound
proteins were eluted with a linear gradient of 0–0.5 M NaCI at pH
7.4. The fractions showing ATPase activity were collected, concen-
trated to approximately 5 mg/ml using 10 kDa cut-oﬀ centriprep ﬁlters
(Amicon, Bedford, MA, USA), and then loaded onto a TSK 4000
(Tosoh, Tokyo, Japan) or a Superdex 200 (Pharmacia) gel ﬁltration
column. The column was run with 20 mM Tris–HCI buﬀer, pH 7.4,
150 mM NaCI, 10 mM MgCI2, 0.05% sodium azide and 0.05% dode-
cyl-b-D-maltoside Puriﬁed protein samples were stored at 80 C.2.2. In gel activity assay of F1F0 ATP synthase
The initial supernatant from the solubilization of the membranes
and the puriﬁed enzyme were analysed by Blue Native PAGE as de-
scribed previously [26]. This gel was sliced into individual lanes for his-
tochemical staining. The enzyme activities were measured as described
by Zarbetto [27] and Dabbeni-Sala et al. [28] with minor modiﬁcations.
The gel slices were incubated in 35 mM Tris–HCI (pH 7.8), 270 mM
glycine, 1.4 mM MgSO4, 0.8 mM ATP, and 0.1 % Pb(NO3)2 at 32 C
overnight.2.3. Gel electrophoresis and protein sequencing
The polypeptide composition of the ATPase was determined by 1D-
SDS–PAGE using a 5–20% (w/v) linear polyacrylamide gradient or
15% (w/v) polyacrylamide [29]. The protein sample was boiled for
3 min in sample buﬀer. The gel electrophoresis was performed at
4 C and the protein bands were visualized by Coomassie blue R250
or silver staining. The protein concentrations were measured using
the Microtiter Plate BCA Assay (Pierce, Rockford, IL, USA). Peptide
mass ﬁngerprinting of tryptic peptides from protein bands on 1-D gels
was performed as described previously [30]. The dried peptide mixture
was redissolved in 5 ll of 70% acetonitrile/0.1%TFA. For mass spec-
trometric identiﬁcation, 0.5 ll of the peptide solution was mixed with
0.5 ll a-cyano-4-hydroxy-trans-cinnamic acid (5 mg/ml) in 70% aceto-
nitrile, 0.1% TFA, applied on the MALDI-target and air dried.
Samples were analyzed on a MALDI LIFT-TOF/TOF mass spectro-
meter (Ultraﬂex TOF/TOF, Bruker, Leipzig, Germany). Peptide mass
ﬁngerprint and MS/MS spectra analysis was performed with Bruker
Daltonic ﬂexAnalysis 2.0 and BioTools 2.2. For the identiﬁcation of
the protein fragments we used the Mascot program from Matrix
Science (http://www.matrixscience.com).
2.4. Electron microscopy and image analysis of negatively stained F1F0
ATP synthase
The puriﬁed F1F0 ATP synthase (6 ll, 0.05 mg/ml) was applied to
400 mesh copper grids coated with a thin carbon ﬁlm. The specimens
were stained with 2% ammonium molybdate using a deep staining
technique [31]. Electron micrographs were recorded under low dose
conditions on a Philips CM120 electron microscope (FEI, Holland)
equipped with a LaB6 cathode at an accelerating voltage of 100 kV
and a calibrated magniﬁcation of 58300· at a defocus of approxi-
mately 1.5 lm. Selected micrographs were scanned on a Zeiss SCAI
ﬂat bed scanner (Zeiss, Germany) with 7 lm raster size. The images
were converted to SPIDER format and reduced 3 times by binning
to a ﬁnal pixel size corresponding to 3.6 A˚ on the sample scale. Image
processing was carried out using SPIDER (version 5.0 modiﬁed), WEB
[32] and XMIPP [33].Images of a total of 3200 single particles were analyzed. The images
were normalized with their average value. The contrast transfer func-
tion was determined for each individual micrograph and every single
image was corrected by phase ﬂipping [34]. All alignments were
performed using a simultaneous translational/rotational alignment
algorithm based on the correlation of Radon transforms [35]. After
several steps of alignment and classiﬁcation four major classes were
obtained. The largest class containing 1200 images showing the com-
plex in the same orientation was analysed further. For the ﬁnal class
average, the resolution determined by Fourier ring correlation [36]
was estimated to be 22 A˚, with a cut oﬀ criterion ﬁve times the noise
correlation. For analyzing the existing variability in this subset of
images a classiﬁcation with a neural network algorithm [33] using an
array of 5 · 5 nodes was performed.3. Results and discussion
3.1. Puriﬁcation of F1F0 ATP synthase
For the puriﬁcation of the F1F0 ATP synthase in the pres-
ence of the detergent dodecyl-b-D-maltoside the solubilized
membrane proteins were loaded onto a Mono Q column and
eluted using a sodium chloride gradient. The F1F0 ATP syn-
thase was released at 250–300 mM sodium chloride. It was
puriﬁed further on a Reactive Red dye-ligand column, which
bound most of the impurities present, but not the F1F0 ATP
synthase. After passage of the F1F0 ATP synthase through a
gel-ﬁltration column the puriﬁed enzyme appeared as a single
peak (Fig. 1A).
The proteins constituting the F1F0 ATP synthase were sepa-
rated by SDS–PAGE. Nine main bands were observed in addi-
tion to minor aggregate bands at the top of the gel (Fig. 1B).
The puriﬁed enzyme was loaded onto the BN–PAGE and
F1F0 ATP synthase activity was determined by incubating
the gel slices overnight in reaction buﬀer. The active compo-
nents were visualized as a white band. It indicated that the
puriﬁed enzyme was active.
3.2. Identiﬁcation and characterization of the subunits of F1F0
ATP synthase
The E. coli F1F0 ATP synthase consists of 8 subunits with a
stoichiometry of a3b3cdeab2c10-14, b2 indicating the presence of
two copies of subunit b [4]. Subunits homologous to each of
the 8 subunits could be identiﬁed in the puriﬁed A. aeolicus en-
zyme by in-gel tryptic digestion and mass spectroscopy. Table
1 shows the subunit composition of our preparation. Interest-
ingly, subunit b is encoded by two diﬀerent genes [24] giving
rise to two diﬀerent b subunits, b1 and b2. Both b1 and b2 could
be detected in our A. aeolicus F1F0 ATP synthase preparation
by MALDI-MS through peptide mass ﬁngerprinting or
through MS/MS. The fragmentation patterns of several iso-
lated peptides from both subunits veriﬁed the presence of both
subunits b1 and b2 (Fig. 2A and B). The sequence similarity
between them is low. Upon use of the BLAST server at NCBI
(www:ncbi:nlm:nih:gov=blast=) and standard settings even no
signiﬁcant sequence similarity between subunits b1 and b2
was detected. A diﬀerent program [37] aligned both subunits
(see Fig. 3A, A-1) with a sequence identity of 28.5% for 144
aligned residues. In particular, many charged residues and ala-
nine residues are conserved. Interestingly one-fold recognition
program (http://www.sbg.bio.ic.ac.uk/phyre/) predicts for a
part of subunit b2 (residues 121–180) a very similar fold as
for the coiled-coil dimerization motif (residues 1198–1358) of
the yeast silent information regulator Sir4 (pdb entry code


































Fig. 1. Elution proﬁle of the puriﬁed F1F0-ATPase from A. aeolicus and its subunit composition. (A) Elution proﬁle from a TSK 4000 gel ﬁltration
column, (B) SDS–PAGE pattern of the F1F0-ATPase, using a 15 % polyacrylamide gel. The protein sample was boiled for 3 min.
Table 1
Subunits identiﬁed in the F1F0-ATPase from A. aeolicus
Subunit MW (kDa)/pI Hydrophobicity,
gravy score
THMsa
atpA (a) 55.57/5.20 0.140 0
atpB (a) 24.01/9.42 1.012 6
atpC (e) 14.81/4.63 0.189 0
atpD (b) 53.32/5.22 0.124 0
atpE (c) 10.17/9.52 1.106 3
atpF1 (b1) 16.71/5.34 0.442 1
atpF2 (b2) 21.23/8.79 0.478 0
atpG1 (c) 33.55/6.89 0.378 0
atpH (d) 20.73/9.66 0.133 0
aNumber of predicted membrane spanning segments.
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the program does not predict such a motif for subunit b1 (less
than 30% estimated precision), it might be possible that sub-
unit b2 also forms a coiled-coil, most likely with subunit b1Fig. 2. Identiﬁcation of the two diﬀerent b subunits by mass spectrometry. (A
(gij2983928) and assignment of the identiﬁed sequence LREETQTYLTQAK
(gij2983929) and assignment of the identiﬁed sequence ILQHAQEVSER.as a dimerization partner. However, an inspection of the align-
ment in Fig. 3A indicates that the sequence of subunit b2, res-
idues 121–180, does not show the heptad repeat sequence
patterns typical for left-handed coiled-coil dimerization motifs.
However, there is a very clear undecad repeat pattern of ala-
nines, in particular in the b2 subunit (residues 83, 94, 105,
116, 127 and 138 are alanines) and less pronounced in the b1
subunit (residues 65, 76 and 87) which would indicate the pres-
ence of a right-handed coiled-coil structure. This observation is
in agreement with the proposal of the existence of a right-
handed coiled-coil structure for the E. coli b62122 homodimer
[11].
The prediction of membrane spanning segments in membrane
proteins using the program TMHMM 2.0 [39,40] is popular.
With this program subunits a, c, and b1 are predicted to contain
6, 3 and 1 transmembrane helices, respectively, whereas for sub-
unit b2 one hydrophobic region in the N-terminal part is pre-
dicted. It is below the threshold level for membrane spanning
segments, however, because this hydrophobic region (residues) LIFT-TOF/TOF spectrum of the m/z 1580.83 peak of the subunit b
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   abcdefghijkabcdefghijkabcdefghijkabcd
aq_b1 ELIKKNLSEAQKLREETQTYLTQAKEVLEDAKKRADQIIENARREAEAQARSIIEQTEKQ
aq_b2 NSIVESLVNAEREFMMAREELSKAKEELENAKKKAQEYEKLAIETAETEKKKILQHAQEV




                :*. :** * *. .*:: **:* : *:**.*.:*::
aq_b1           ------ 




           **    .: **..: ::  .    *:   : **:. ::. *: :* 
aq_b1 N-LSEAQKLREE-----TQTYLTQAKEVLEDAKKRADQIIENARREAEAQARSIIEQTEK
sir4_1198-1368  DSVTECSKDMKEDGLSFVDIVLSKAASALDEKEKQLAVANEIIRSLSDEVMRNEIRITSL
                : ::*..*  :*     .:  *::* ..*:: :*:    *  *  ::   *. *. *.
aq_b1           QTEEEI-KKAVEEIRTSLEEEKKKLEKSVKEIAQEIVKKILREAA
sir4_1198-1368  QGDLTFTKKCLENARSQISEKDAKINKLMEKDFQ-VNKEIKPY--




     *: :. :* :.* :**: :.::  ..:.
aq_b2 SEAFNKFYNSIVESLVNAEREFMMAREELSKAKEELENAKKKAQEYEKLAIE---TAETE
sir4_1198-1368  QQS----------NMYTSTQKTELEIDNKDSVTECSKDMKEDGLSFVDIVLSKAASALDE
                .::          .: .: ::  :  :: ....*  :: *:.. .: .:.:.   :*  * 
aq_b2 KKKILQHAQEVSERIKEKAKETIEIELNKAKKELALYGIQKAEEIAKDLLQKEFKKSKVQ
sir4_1198-1368  KEKQLAVANEIIRSLSDEVMRN-EIRITSLQGDLT-FTKKCLENARSQISEKDAKINKLM
                *:* *  *:*: . :.::. .. **.:.. : :*: :  :  *:  .:: :*: * .*:
aq_b2   EKYIEAQLKLLEERKNA 
sir4_1198-1368  EKDFQVNKEIKPY----
 ** ::.: ::
A
B
Fig. 3. Sequence alignment and structure predictions of subunit b1 and b2 of A. aeolicus F1F0-ATPase. (A) Results from sequence alignment between
subunit b1 and b2 of A. aeolicus and the Sir4 coiled-coil dimerization motif, residues 1198–1358, respectively, using T-COFFEE, Version_1.41 [37]. A-
1: sequence alignment between subunit b1 and b2, SCORE = 97, Nseq = 2, Len = 186; The small letters a-ka. . . indicate the undecad repeats of
alanines in subunit b2; A-2: sequence alignment between b1 and Sir4, SCORE = 71, Nseq = 2, Len = 165; A-3: sequence alignment between b2 and
Sir4, SCORE=64, Nseq = 2, Len = 197; (B) The coiled-coil helix structure of subunit b2 (residues 121–180) as predicted by the fold recognition
programme PHYRE (http://www.sbg.bio.ic.ac.uk/phyre/) with an estimated precision of 80%.
G. Peng et al. / FEBS Letters 580 (2006) 5934–5940 593729–45) is aligned with the predicted transmembrane segment of
subunit b1 (residues 11–29) it is likely that both b subunits possess
a membrane spanning N-terminal segment, which anchors them
in the membrane. This suggestion is in agreement with that of
Dmitriev et al. [10] who proposed a model for a b–b homodimerin the second stalk of the E. coli F1F0 ATP synthase based upon
two-dimensional 1H NMR. The structure of the N-terminal
transmembrane domain (residues 4–22) was suggested to form
an a-helix that spans the membrane. Cross-linking experiments
had suggested that the two b subunits lie next to each other [10].
5938 G. Peng et al. / FEBS Letters 580 (2006) 5934–59403.3. Electron microscopy and single particle analysis of the F1F0
ATP synthase
Electron micrographs of the negatively stained F1F0 ATP
synthase from A. aeolicus showed a homogeneous distribution
of particles. The native enzyme (Fig. 4) is 230 A˚ long and has
two distinct parts. The upper part has a globular shape with a
diameter of 110 A˚ and can be assigned to F1. A small sphericalFig. 4. Electron microscopic single particle analysis of the A. aeolicus F1F
analysis of the 3200 particles. (B) Final average from the 1200 particle images
Self-organizing map of the neural network analysis of the 1200 aligned parti
number of images that contribute to this node in the map. Arrows show the e
10 nm.density, denoted D in Fig. 4B, is located on its upper right at
about 80 A˚ from the bottom of the F1 globular portion. This
has been assigned to subunit d in the case of the E. coli enzyme
[41]. A stain accessible cavity, about 35 A˚ wide, is present in
the lower half of the F1 domain. The F0 part is asymmetric
as has been recently described for the reconstituted bovine
mitochondrial F1F0 ATP synthase [20]. The F0 portion of0-ATPase. (A) The four classes, indicated by C1–C4 obtained in the
contained in C1 in (A). A: subunit a; D: subunit d; S: second stalk. (C)
cles from class 1. The numbers in the label of each square indicate the
xtra density and a small collar-like density in a second stalk. Scale bars
G. Peng et al. / FEBS Letters 580 (2006) 5934–5940 5939the A. aeolicus F1F0 ATP synthase has an oblongated shape
with two distinct domains: an elliptical mass, with a width of
approximately 90 A˚ and with a height of about 70 A˚, repre-
senting the subunit c ring, and a peripheral density about
45 A˚ wide, indicated by A in Fig. 4B, that is assigned to sub-
unit a. The F0 and F1 domains are linked by a central stalk
about 60 A˚ long. This stalk contacts the central part of the bot-
tom of F1 and is linked eccentrically to the left of the oblong
part of F0. Fig. 4C shows a comprehensive view of the complex
variability. The four nodes situated in the corners of the map
are the best represented ones, having assigned a larger number
of particles. A collar like density is visible in the middle of the
stalk in the images of most of the nodes. In several orienta-
tions, such as nodes Q–T and V–Y, the central stalk appears
to be tilted or kinked. The second stalk, denoted by S in
Fig. 4B, is clearly seen on the right side of the map. At one
end it is bound to additional peripheral density from the static
part of F0, and at the other end it is more closely connected to
the a and b subunits. In some nodes of the neural network
map, there is an indication of extra ﬁne density between the
central stalk and the peripheral stalk (Fig. 4C, arrows in nodes
X and Y), and a small collar-like density is also visible in the
second stalk. This feature is not observable in the ﬁnal aver-
aged images. Similar ﬁne structure between central stalk and
the peripheral stalk was also observed for the V1Vo-ATP syn-
thase [42,43].
Based on the suggested roles of the second stalk we expected
an interaction between subunit b and subunit d. However,
early cross-linking analysis of the E. coli F1F0 ATP synthase
did not reveal a b-d product [44]. In vitro [45] and in vivo
[46] experiments to determine the nature of the interaction of
these subunits suggested an end to end (C-termini of subunits
b and d) rather than a side by side relationship. However, the
exact proximity of critical residues to C-terminus of E. coli d is
uncertain [47]. Dunn et al. [9] summarised their work on the
two E. coli b subunits [48,49] by pointing out that they both
cannot interact with d in the same way. Mellwig and Bo¨ttcher
[21] showed for the chloroplast ATP synthase that the static
connector is tightly attached to an a subunit and faces the side
of the neighbouring b subunit. In our projection images of the
A. aeolicus F1F0 ATP synthase (Fig. 4) no clear connection can
be seen between subunits b and d. The presence of the stator
can be clearly seen in almost all nodes. The weak or missing
density of the stator in some nodes (Fig. 4A, C4) is most likely
caused by an orientation where rotor and stator lie on each
other, leading to an invisibility of the stator in projection
images. We can not make any interpretations on correlation
of d and b subunit according to the density proﬁles from our
experiments. These observations might mean that there is no
real connection between these subunits, or it is small and ob-
scured by the knob formed by F1.4. Conclusions
In this paper, we have presented the puriﬁcation and charac-
terization of the F1F0 ATP synthase from the hyperthermo-
philic eubacterium A. aeolicus. It possesses two diﬀerent
homologous b subunits, b1 and b2 with a low sequence homol-
ogy. Most likely, they are membrane anchored heterodimers
which form the peripheral stalk. Electron microscopy and sin-gle particle analysis of negatively stained F1F0 ATP synthases
revealed structural details of its peripheral stalk. A direct con-
nection between the peripheral stalk and the d subunit was not
apparent. In a subset of the images a ﬁne extra density was
found between the central and the peripheral stalk.
It has been thought that the simplest peripheral stalk of F1F0
ATP synthases is found in non-photosynthetic prokaryotes
and is formed by two copies of a single b subunit. In contrast
the F1F0 ATP synthase from photosynthetic prokaryotes con-
tains two diﬀerent b subunits [50–52]. Now it is evident that
even ancient non-photosynthetic eubacteria can possess two
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